Introduction
============

Certain neoplasms, including lymphoma, frequently invade the central nervous system (CNS) ([@B1]). Primary or secondary CNS neoplasm may cause hyponatremia because of the syndrome of inappropriate antidiuretic hormone secretion (SIADH) ([@B2]) or hypernatremia with polyuria because of diabetes insipidus ([@B3]). Conversely, cerebral salt-wasting syndrome (CSWS), which occasionally occurs after a subarachnoid hemorrhage, includes hyponatremia with polyuria ([@B4]). Some clinicians assert that renal salt-wasting syndrome (RSWS), rather than CSWS, is a more appropriate term to characterize cases of salt wasting in the absence of cerebral lesions ([@B5],[@B6]). The pathogenic mechanism of CSWS/RSWS has been assumed to involve the following two major hypothetical pathways related to natriuretic peptides or renal sympathetic disruptions. 1a) Increased circulating natriuretic peptides suppress the activity of the renin-angiotensin-aldosterone system (RAAS), and RAAS suppression inhibits renal tubular sodium reabsorption. 1b) The natriuretic peptides also directly inhibit sodium reabsorption in the renal tubule and intramedullary collecting-duct ([@B7],[@B8]). 2a) The renal sympathoinhibitory action from injured brain or brain natriuretic peptide ([@B9]) increases glomerular filtration, 2b) inhibits renal tubular sodium reabsorption, and 2c) suppresses RAAS activity. As in the 1a pathway, RAAS suppression inhibits reabsorption ([@B8],[@B10]). However, the pathogenic mechanism of CSWS/RSWS is still not clearly understood, and controversy remains ([@B11],[@B12]). We herein report a case of CSWS/RSWS in a patient with a natural killer (NK)-cell neoplasm without CNS invasion. The salt wasting observed in this case may contribute to elucidating the pathogenic mechanism of CSWS/RSWS.

Case Report
===========

A 78-year-old man presented to our hospital after 5 days of continuous high fever (over 39°C) and a low platelet count (4.4×10^4^/μL). Urinalysis showed microhematuria (1+, \<20 RBC/high power field), proteinuria (2+, 100 mg/dL), pH of 5.5, specific gravity of 1.024, and no glucose or leukocyte. He had a slightly elevated serum creatinine level (1.2 mg/dL). Findings of clotting tests ruled out disseminated intravascular coagulation. A peripheral blood smear showed no evidence of microangiopathy, such as schistocytes. Although his medical history included infective endocarditis due to *Staphylococcus aureus*, a relapse of this entity was ruled out based on negative findings on transthoracic echocardiography and blood cultures. Based on the results of bone marrow aspiration, including scattered reticulum cells, but no obvious hemophagocytosis, we first diagnosed the patient to have hemophagocytic syndrome of unknown cause. The high fever was controlled using steroid pulse therapy, but it recurred within 2 weeks. The serum creatinine levels improved to \<0.8 mg/dL by hospital day 4 and were consistently maintained at \<1.0 mg/dL except during recurrence of the fever. After the pulse therapy, he lost 5 kg in a week along with hyponatremia (\<135 mEq/L) and had a urine output of \>2,500 mL/day, despite consuming all food provided, free oral fluid intake, and infusions of \>1,400 mL/day. A computed tomography scan, conducted when the patient first presented to our hospital, showed swelling of superficial lymph nodes without any obstruction of the urinary tract nor any bulky mass. Real-time polymerase chain reaction and Southern blotting for Epstein-Barr virus DNA in his blood revealed monoclonal proliferation (3.9×10^5^ copies/10^6^ cells). Analysis of a subcutaneous brachial lymph node biopsy specimen revealed an NK-cell neoplasm with lymphoma-associated hemophagocytic syndrome ([Fig. 1](#g001){ref-type="fig"}). Both the cardiac function (ejection fraction, 60% at admission) and the brain natriuretic peptide level (14.6 pg/mL on hospital day 16) were normal before the initiation of chemotherapy. Chemotherapy using a CHOP-like regimen (cyclophosphamide, pirarubicin, vincristine, prednisolone, and etoposide) was initiated on hospital day 17, after which there was a temporary improvement in his fever and platelet count. However, polyuria with natriuresis (\>5,500 mL/day; fractional excretion of sodium \[FE~Na~\], \>4%) developed with a lactate dehydrogenase surge after the chemotherapy was started. Despite only one injection of furosemide (t~1/2~ \<0.5 hour) on the day chemotherapy was initiated ([@B15]), polyuria with natriuresis continued for longer than 1 week after that ([Fig. 2](#g002){ref-type="fig"}). Despite massive infusions of solutions containing large amounts of sodium (\>300 mEq/day), the serum sodium level hovered around 130 mEq/L because of the natriuresis. The continuous polyuria caused sustained hypouricemia (\<2.0 mg/dL), after transient initial hyperuricemia because of tumor lysis. A negative fluid balance (urine volume exceeding fluid intake) and negative sodium balance (urinary sodium excretion exceeding sodium intake) indicated volume depletion and salt wasting ([Fig. 2](#g002){ref-type="fig"}), with a detectable vasopressin level in a hypoosmotic state (0.9 pg/mL in estimated 275 mOsm/L on hospital day 20). An analysis of changes in the body weight also excluded overhydration and dilutional hyponatremia, apart from those conditions on the day chemotherapy was initiated. Thyroid function tests ruled out overt hypothyroidism (thyroid-stimulating hormone 2.5 μIU/mL, free T3 2.2 pg/mL, free T4 1.0 ng/dL). Steroid maintenance therapy given after the pulse therapy ruled out hypocortisolism (with prednisolone 5 mg/day, cortisol level 16.2 μg/dL on hospital day 32). Despite no obvious abnormalities on brain imaging, these clinical and laboratory findings were consistent with a diagnosis of CSWS rather than SIADH ([@B5]). Creatinine clearance levels were not elevated along with the polyuria until a sole peak on hospital day 22 ([Fig. 2](#g002){ref-type="fig"}). Excessive urination persisted even at the onset of postchemotherapy neutropenic sepsis. In anticipation of septic renal failure, the infusion volume was reduced to 60 mL/h, but the patient unexpectedly experienced transient hypovolemic shock on hospital day 27. (*Enterococcus faecalis* was eventually isolated from blood cultures.) Massive infusions of crystalloid solutions (\>3,000 mL/day) were required almost daily for 1 month, but did not cause congestive heart failure (brain natriuretic peptide, \<130 pg/mL on hospital day 33). The creatinine clearance levels were maintained around 100 mL/min throughout the septic episode. The infection was treated with antibiotics, including amikacin and vancomycin. After the transient shock, FE~Na~ fell to \<1%, below what is considered "adequate FE~Na~," that is, the value of FE~Na~ necessary to maintain a constant serum sodium concentration appropriate to sodium intake and with no extrarenal sodium loss ([@B16]). The fluid balance and the sodium balance also became positive (urine output less than intake), resulting in a normalized sodium concentration (138 mEq/L on hospital day 30) and weight gain (5 kg over 9 days), despite the patient\'s febrile state. The second cycle of chemotherapy (initiated on hospital day 37) exacerbated the polyuria and natriuresis, again resulting in negative fluid balance and relapse of hyponatremia (125 mEq/L). The patient lost weight (8.5 kg over 13 days) despite total parenteral nutrition ([Fig. 2](#g002){ref-type="fig"}). He remained in a chemorefractory state and had an elevated ferritin level (\>1.0×10^5^ ng/mL). On hospital day 56, he died from massive bleeding from diffuse rectal mucosal detachment and ulcers, which could not be treated with endoscopic hemostasis.

![The pathology of the NK-cell neoplasm with lymphoma-associated hemophagocytic syndrome from a resected lymph node. There are an increased number of atypical lymphoid cells with hemophagocytosis (arrow) on Hematoxylin and Eosin (HE) staining (a, ×40 of objective lens magnification). Immunohistochemical assay showed the immunophenotypes of the neoplasm: CD3^+^(b, ×40), CD4^+^, CD8^−^, CD20^−^, CD30^+^, and CD56^+^. The Ki-67 index was \>90% (c, ×40). The neoplastic cells contained granzyme B (d, ×40). Immunohistochemical analysis of the stored biopsy samples also revealed expression of TNF-α^+^ (e, ×40) and TGF-β1^+^ (f, ×40), using TNFα (52B83) antibody (1:100 dilution; sc-52746; Santa Cruz Biotechnology, Dallas, USA), and TGFβ1 (V) antibody (1:200 dilution; sc-146; Santa Cruz Biotechnology), respectively (13, 14). Hybrid fluorescence imaging of immunostaining and Epstein-Barr virus-encoded small RNA (EBER)*in situ* hybridization precisely confirmed the immunophenotypes: green indicates EBER; red indicates CD56 (g, ×60) and TNF-α (1: 100 dilution; sc-52746; h, ×60) in each image; blue indicates DAPI-stained DNA. The component fluorescence images were taken with a fluorescence microscope BZ-8100 (Keyence, Osaka, Japan) by the second author.](1349-7235-56-1855-g001){#g001}

![Clinical course and laboratory findings in this case. The results of the lymph node biopsy (\*) after methylprednisolone pulse therapy supported the use of chemotherapy for steroid-resistant high fever. The CHOP-like chemotherapies (down arrows) on hospital days 17 and 37 (vertical dashed lines) induced persistent polyuria and natriuresis after transient lactate dehydrogenase (LDH) surges in conjunction with the elevation of serum ferritin levels, with administration of corticosteroids with physiological mineralocorticoid potency. Negative fluid balance, negative sodium (Na) balance and body weight loss indicated volume depletion and salt wasting along with the polyuria. The low serum uric acid (UA) levels persisted even after recovery from the hyponatremia. Potassium (K) levels were managed with intravenous supplementation. The decreasing of granzyme B level on hospital days 28 reflected tumor burden; the simultaneous (as shown by vertical dotted lines) increase in CD365 levels indicated renal tubular damage. Fractional excretion of sodium (FE~Na~) exceeded adequate FE~Na~ during polyuria, except during fever after the transient hypovolemic shock (§). This excess also suggested tubular dysfunction rather than tubular adaptation (16). Urine volume and urinary sodium excretion were independent of creatinine clearance (Ccr) levels, apart from sole spike of Ccr on hospital day 22. The administered steroid doses are shown to be equivalent to glucocorticoid and mineralocorticoid potencies of prednisolone by the following conversion coefficients: hydrocortisone, ×0.25 in glucocorticoid potency (dashed line), ×1.25 in mineralocorticoid potency (solid line); prednisolone, ×1.0, ×1.0; methylprednisolone, ×1.25, ×0.625; betamethasone, ×6.25, ×0.0 (17-19). Fluid intake includes oral fluids (negligible since hospital day 34), infused solutions, and transfusions. Sodium intake includes dietary salt (negligible since hospital day 24) and infused sodium. These were calculated from his dietary intake and infused dose, respectively, on the observation chart recorded during nursing. The urinary sodium excretion \[mEq/day\] was estimated by urine volume \[mL/day\] × urinary sodium concentration \[mEq/mL\] (sampled from pooled urine in a collection bag, but not 24-hour pooled urine). The Ccr \[mL/min per body surface area 1.73 m^2^\] was estimated by the following formula: urine creatinine concentration \[mg/dL\] (same samples as for urinary sodium excretion) × urine volume \[mL/min\] ×1.73/(serum creatinine concentration \[mg/dL\] × a constant value of patient's body surface area \[m^2^\]). The FE~Na~ \[%\] was calculated by the following formula: 100× urinary sodium concentration \[mEq/L\] × serum creatinine concentration \[mg/dL\]/(serum sodium concentration \[mEq/L\] × urinary creatinine concentration \[mg/dL\]). The adequate FE~Na~ \[%\] was calculated by the following formula (16): sodium intake \[mEq/day\] / (0.0144× Ccr \[mL/min\] × serum sodium concentration \[mEq/L\]). The dagger (†) represents the patient's death. The black triangle (▲) represents amikacin (AMK) and the open inverted triangle (▽) represents vancomycin (VCM). This figure was drawn using the ggplot2 software package, version 2.0.0 in R, version 3.2.2.](1349-7235-56-1855-g002){#g002}

A brain autopsy, performed with the consent of his family, and immunohistochemistry confirmed that there was no cerebral invasion by the neoplasm, even in the pituitary gland. The granzyme B level by enzyme-linked immunosorbent assay (ELISA) kit (human granzyme B, 850.790.048, Diaclone, Besançon, France) in the cerebrospinal fluid was \<31.3 pg/mL, as compared with the serum level of 4.6×10^4^ pg/mL, which also confirmed the absence of cerebral invasion. The neoplasm expressed tumor necrosis factor (TNF)-α and transforming growth factor (TGF)-β1 ([Fig. 1](#g001){ref-type="fig"}). We measured these cytokines levels in stored platelet-poor plasma collected before and after the chemotherapy (on hospital day 14, and hospital days 28 and 35, respectively), using the Quantikine ELISA kits (human TNF-α, DTA00C; human TGF-β1, DB100B; R&D Systems, Minneapolis, USA). However, the measured values in the samples neither increased with chemotherapy nor exceeded the normal limits of reported healthy controls (TNF-α\<40 pg/mL, TGF-β1\<1.2×10^4^ pg/mL) ([@B20],[@B21]). The plasma granzyme B level returned to a normal level once after chemotherapy (\<31.3 pg/mL on hospital day 28, compared with levels of \<52.4 pg/mL reported in healthy controls) ([@B22]), reflecting the activity of hemophagocytic syndrome and the tumor burden. The levels of plasma kidney injury molecule-1 (KIM-1, synonyms: T-cell immunoglobulin mucin domain 1, TIM-1; hepatitis A virus cellular receptor 1, HAVCR1; recently defined as CD365) ([@B23]), which has been shown to correlate with renal tubular damage, was continuously elevated in the patient\'s samples (\>0.078 ng/mL, the upper limit of normal reported in healthy controls) ([@B24]), quantified using human TIM-1 (HAVCR1) ELISA kit (EHHAVCR1, ThermoFisher Scientific, Waltham, USA). Therefore, the elevated CD365 levels, which were independent of the granzyme B levels, demonstrated renal tubular damage, even though CD365 has been reported to be expressed not only on proximal tubular epithelial cells ([@B25]), but also on NK-cells ([@B26]) and lymphoma cells ([@B27]) ([Fig. 2](#g002){ref-type="fig"}). An analysis of stored samples was conducted based on informed consent signed while the patient was alive, in accordance with the Helsinki Declaration, and with the approval of the hospital ethics committee.

Discussion
==========

This case indicates a potential previously unknown mechanism in the pathogenesis of CSWS/RSWS ([@B4]). According to the leading hypothesis, the release of natriuretic factors, particularly brain natriuretic peptide from the damaged brain, induces CSWS/RSWS ([@B10]). However, some studies have found no correlation between brain natriuretic peptide and CSWS/RSWS ([@B11],[@B12]). The rare occurrence of CSWS/RSWS ([@B28]) and its similarity to SIADH ([@B6]) have thus made it difficult to elucidate the pathogenesis of CSWS/RSWS. In our case, negative fluid balances, even without including insensible water loss or sweat loss ([@B29]), and hypovolemic shock episode demonstrated volume depletion, which distinguishes CSWS/RSWS from SIADH including chemotherapy-induced SIADH ([@B4]), even though both SIADH and CSWS/RSWS have relatively high vasopressin levels in a hypoosmotic state ([@B30]). The prolonged hypouricemia after recovery from hyponatremia was also consistent with CSWS/RSWS, in which increased fractional excretion of uric acid (FE~UA~) persists, as opposed to SIADH, in which FE~UA~ returns to normal ([@B5],[@B6]). Even if the observed body weight loss after the chemotherapy or pulse therapy included lysed tumor weight, SIADH could be excluded by the fact that the weight decreased in the presence of hyponatremia. Because, the actual weight lost exceeded the tumor weight of advanced acute leukemia (3 kg of 3×10^12^ cells) in reported estimates ([@B31]). To the best of our knowledge, there has been no similar report of CSWS/RSWS occurring after chemotherapy for a lymphoid neoplasm without CNS lesions. There has only been one case report of CSWS/RSWS associated with a CNS lymphoma ([@B32]) and a few case reports of CSWS/RSWS in a non-CNS lymphoma following hematopoietic stem cell transplantation ([@B33],[@B34]).

Four observations in this case support a new hypothesis regarding a pathogenic mechanism involving chemotherapy-induced excessive urination with hypouricemia (the opposite of what is seen in tumor lysis syndrome). First, the autopsy-proven absence of cerebral invasion confirmed that cerebral lesions are not essential for CSWS/RSWS ([@B5],[@B6]). The limited elevation in the brain natriuretic peptide level and the absence of congestive cardiac failure in the clinical course did not support the previously postulated mechanisms involving brain natriuretic peptides ([@B7],[@B8]). Second, the sustained polyuria while corticosteroids were administered, the dose of which exceeded a replacement dose for the physiological requirement for mineralocorticoid potency (50 mg prednisolone, 0.32 mg fludrocortisone equivalent) ([@B17],[@B18],[@B35]), contradicted the previously postulated mechanisms involving the suppression of RAAS activity ([@B7],[@B8],[@B10]). The acceleration of sodium reabsorption (\<1% of FE~Na~, less than the adequate FE~Na~) with the transient hypovolemic shock at the febrile state indicated continued functioning of the RAAS and renal sympathetic nervous system. These findings also did not match the concept of mineralocorticoid-responsive hyponatremia of the elderly, which explained hyponatremia by age-related hyporesponsive RAAS ([@B30]). Third, the neoplasm expressed TNF-α with aggressive cell proliferation (Ki-67 positive rate, \>90%). The fulminant clinical course of the neoplasm was consistent with some Epstein-Barr virus-associated T-cell and NK-cell lymphoproliferative diseases, such as aggressive NK-cell lymphoma or nodal NK-cell lymphoma. These are not distinct disease entities in the World Health Organization classification, 4th edition ([@B36]). Cytokine production from Epstein-Barr virus-related neoplasms induces hemophagocytic syndrome ([@B37]). An elevation of the circulating TNF-α levels has been reported in Epstein-Barr virus-associated NK-cell lymphomas ([@B38]). Although elevated TNF-α levels could not be detected in the stored postchemotherapy plasma because of its short half-life (t~1/2~ \<3 hours) ([@B39]), the observed lactate dehydrogenase surges immediately after chemotherapy indicated cytokine storms of TNF-α, resulting from tumor lysis. Fourth, non-platinum-based chemotherapy in this case reproducibly exacerbated polyuria with natriuresis, similar to platinum-based chemotherapy-induced salt wasting via renal tubular damage ([@B40],[@B41]). According to another hypothetical pathway proposed in a case report of sepsis-associated renal salt wasting, cytokine-induced glomerular hyperfiltration exceeding renal salt retention capacity causes CSWS/RSWS without kidney damage ([@B42]). However, calculations of creatinine clearance in our case demonstrated that the initiation of excessive urination did not occur because of an increased glomerular filtration rate, even if an observed peak of the clearance 5 days after the first chemotherapy could be explained by glomerular hyperfiltration in the diuretic phase of acute kidney injury. Through the oncolysis-induced cytokine storm and antibiotic nephrotoxicity, the plasma CD365 levels were elevated, suggesting renal tubular damage ([@B24]), regardless of the normal creatinine clearance levels. The integration of these findings indicated that before administering the nephrotoxic antibiotic infusions, post-oncolytic natriuresis was caused by renal tubular damage in normal glomerular filtration. Epithelial-mesenchymal transformation in renal tubular epithelial cells is caused by cytokines, mainly TNF-α rather than TGF-β1 ([@B43]). A recent study concerning cardiorenal syndrome showed a relationship, via TNF-α, between myocardial infarction and renal tubular cell apoptosis in rats ([@B44]). Therefore, we concluded that even a short-lived cytokine storm may induce long-term renal tubular dysfunction, causing natriuretic polyuria.

This theory of the pathogenesis of cytokine-induced salt wasting should be adapted to CSWS/RSWS following subarachnoid hemorrhage, because elevations of the cytokine levels in cerebral fluid and plasma after a subarachnoid hemorrhage have been reported in numerous studies ([@B45],[@B46]). The pathogenic mechanism of CSWS/RSWS could be confirmed by future case-control studies measuring the serum or plasma cytokine levels in cases of subarachnoid hemorrhage, by comparing these levels between the patients with and without CSWS/RSWS.
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